Abstract. Raspberry cultivars and hybrids were screened for reaction to Verticillium alboatrum Reinke and Berth to determine the mode of inheritance of resistance and to assist in the development of resistant germplasm. Greenhouse-grown seedlings of an incomplete partial diallel of two black, purple, and red raspberry Rubus subgenus Idaeobatus progeny were root-dipped in a mycelial slurry and stem-inoculated with a conidial suspension of V. albo-atrum. 
= 0.66) linear trend was found with fungus reisolation percentages, although isolation of the fungus from symptomless plants indicates Verticillium tolerance among genotypes in
Idaeobatus. These trends, coupled with large significant general combining ability (P ≤ 0.01), suggest primarily additive inheritance of resistance. However, considering noninoculated control scores, the possibility of escapes, and skewing of populations, one may hypothesize a gene-gene model for symptom expression, with partial dominance of resistance alleles.
planted to flats and later to 1-liter clay pots containing a steam-sterilized 3 peat : 1 sand : 1 heat-expandable shale (by volume) mix.
Verticillium preparation. Verticillium alboatrum was isolated (Roberts and Broothroyd, 1972) from stem sections of infected black raspberry plants collected from the field. The fungus isolated was used to infect a "clean" susceptible black raspberry plant; after symptoms were induced, the fungus was reisolated. The fungus was cultured in 100 × 15-mm plastic petri plates containing potato dextrose agar with (mg•liter -1 ) 100 vancomycin, 100 streptomycin, and 50 penicillin (PDA/A), and incubated at 22 ± 3C under continuous light.
Plant screening. Seedlings with actively growing white root tips were broken out of the pots, the root ball was partially quartered to produce some damage, and the roots were dipped to the soil line in a fungal slurry. Mycelial-conidial inoculum for 14 plants was produced by blending nine plates of PDA/A containing actively growing V. albo-atrum in 500 ml of distilled water for 7 sec. Seedlings were planted in seven 1 × 3.3 × 0.5-m raised concrete tanks (blocks) containing a steamsterilized 15 peat : 3 expanded shale : 2 Manor loam soil (by volume) mix. Soil was maintained at 25 ± 3C with heating cables, and photoperiod consisted of 24 h of continuous illumination through high-pressure emission lamps emitting 105 µmol•m -2 •s -1 at plant level. Eight weeks into the study, each seedling received a stem inoculation that involved inserting a piece of inoculum-soaked cotton inside a t-bud cut and wrapping with parafilm. A root inoculation was also performed to promote greater disease development, which consisted of pouring 100 ml of the inoculum into a 1.5-cm-diameter × 6-cm-deep hole made with a cork borer into the soil and roots near the stem's base.
The design was a randomized complete block (see Table 1 for seedling replication) ---70 1.7 0 z br = black raspberry, 100% black raspberry; pr = purple raspberry, 50% black raspberry; rpr = red purple raspberry, 25% black raspberry; rr = red raspberry, 0% black raspberry. y Percentage of black raspberry in background of progeny. x Mean disease score: 1 = no symptoms; 2 = slight leaf and/or stem lesion marginal necrosis; 3 = more extensive necrosis, chlorosis, and death of leaves, with some stem lesions or blueing; 4 = extensive marginal necrosis with one-half of the leaves dead, and/or blue cane or stem lesions; 5 = some or all canes dead. w na = no isolations attempted.
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The fungus Verticillium albo-atrum causes a wilt that cannot be effectively controlled through chemical or cultural methods. In perennial crops, such as Rubus, the presence of this pathogen in planting sites is critical because establishment investment is great and V. albo-atrum is a soil inhabitant. The best means of control is an intrinsic genetic resistance similar to that in strawberry (Fragaria ×ananassa Duch.) (Wilhelm, 1955) and solanaceous crops.
The disease reaction within Rubus ranges from extreme susceptibility (R. occidentalis L.) to immunity (R. procerus L.) (Wilhelm et al., 1965) . Resistance to verticillium wilt in blackberry (subgenus: Eubatus) is dominant (Wilhelm et al., 1965; Wilhelm and Thomas, 1950) . In raspberries (subgenus: Idaeobatus), black (R. occidentalis L.; R. leucodermis Torr.) and purple raspberries (R. neglectus Peck.) are highly susceptible to verticillium wilt (Converse, 1966) . Some resistance or tolerance occurs within the red raspberries (R. idaeus L. var vulgatus; R. idaeus L. var strigosus Michx.), although reactions may vary with pathogen biotypes and locations (Bennett, 1935; Vaughan and Rosenstiel, 1949) . Our investigation was designed to determine the inheritance of verticillium wilt resistance in Idaeobatus.
Materials and Methods
Hybrid seedling production. Parental potted raspberry plants were forced, and controlled emasculations and pollinations were made in the greenhouse. Parents and numbers of seedlings for specific crosses are presented in Table 1 . Seeds were scarified with concentrated sulfuric acid (30 min), stratified at 4C for 2 months, and germinated in sphagnum under intermittent mist. Seedlings were trans-
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tance, positive values, susceptibility, with the disease score scale used in this study.
Discussion
A Verticillium isolate was used successfully to incite disease symptoms on raspberry. In this experiment, symptoms induced through the cane inoculation technique appeared in 5 weeks as opposed to 3 to 4 weeks, as reported by Fulton (1952) . Symptoms on black raspberry, especially cane discoloration, were much more severe than on red raspberry, as has been previously noted (Berkeley and Jackson, 1926; Converse, 1966) . The Verticillium inoculum was lethal to some of the black raspberry genotypes, but not to the red raspberry hybrids. Black raspberry is extremely susceptible to Verticillium (Wilhelm et al., 1965) , whereas some resistance or tolerance exists in red raspberry (Vaughan and Rosenstiel, 1949) . Bennett (1935) and Pratt (1957) reported that Verticillium can be isolated from symptomless red raspberry plants and that infected plants may appear to recover under certain environmental conditions. In this study, Verticillium was reisolated from all hybrids, independent of the presence of symptoms. Because the pathogen is actively entering and colonizing the host, but not causing obvious or extensive damage, it is more appropriate to consider the defense a tolerance rather than an actual resistance (Nelson, 1975) .
Some limited marginal necrosis was observed on control plants. Although this appeared to be similar to a mild disease reaction, the symptoms were random, and no Verticillium was isolated from control plants. Thus, the symptoms were probably due to crowding and water stress due to increased water use of uninfected plants.
Although this test was not as severe as desired, apparent genotypic differences were obtained. Due to the limited number of parents involved (fixed model), and use of a single isolate of the pathogen, specific genetic inferences must be limited, although some general trends and effects may be observed. 'Willamette' (-0.40) and 'Southland' (-0.35) had similar negative GCA estimates, showing increased tolerance of red raspberries over black or purple raspberries. 'Southland's slightly lower GCA may be due to the contribution of R. parvifolius Nutt in its pedigree (Dale et al., 1993) . Converse (1966) reported that red raspberry reaction to Verticillium is less severe than that of black raspberry. Although the disease reactions of R. idaeus cultivars can vary by location (Bennett, 1935; Vaughan and Rosenstiel, 1949) , the red raspberry cultivars included passed on pathogen tolerance to their progeny under our experimental conditions. with six inoculated replications. A seventh noninoculated block, which received all inoculation treatments (with no fungal inoculum), was planted for observation but not included in the statistical analysis. Data collection and analysis. Six weeks after the second inoculation, each seedling was given a subjective disease symptom rating based on the following scale: 1 = no symptoms; 2 = slight leaf and/or stem lesion marginal necrosis; 3 = more extensive necrosis, chlorosis, and death of leaves, with some stem lesions or blueing; 4 = extensive marginal necrosis with one-half of the leaves dead, and/or blue cane or stem lesions; 5 = some or all canes dead. Systemic presence of the fungus was determined by taking four 1-mm cane cross-sections, 15 cm above the stem inoculation location, surface-sterilizing (same as isolation), and plating on PDA/A.
Disease score data were statistically analyzed using a computer program developed by Schaffer and Usanis (1969) . F ratios, combining ability effects, and variances were calculated according to Griffing's method 4, model I analysis, for partial diallels with one set of F 1 progeny. Neither parents nor reciprocal F 1 s were included (Griffing, 1956) .
Results
Five weeks after the second set of inoculations, symptoms were evident on susceptible genotypes. Ten percent of the 'Haut' plants and susceptible x susceptible crosses showed severe symptoms and died 14 weeks from the start of the experiment. The symptoms on hybrids with red raspberry in their background included less severe marginal necrosis with no stem blueing, and 19% of the seedlings were symptomless.
Seedlings with black raspberry parents or grandparents had the highest average disease scores (Table 1) . A linear relationship existed between percent black raspberry in seedlings and average disease score [y (disease score) = 0.02x (percent black raspberry) + 1.46; P ≤ 0.01; r 2 = 0.90]. No significant genotypic variation was observed in noninoculated controls (average disease score = 1.7). Frequency distribution histograms show the spread of disease scores within hybrid populations (Fig. 1) .
Verticillium was reisolated from 32% to 53% of the progeny (Table 1 ). The same significant linear trend [y (percent reisolation) = 0.15x (percent black raspberry) + 33.1; P ≤ 0.05; r 2 = 0.66] was observed, with reisolation percentages decreasing as the amount of black raspberry in the background decreased.
General combining ability (GCA) for disease score of the combined six parents was highly significant (Table 2) . GCA for disease score for the complete partial diallel, including 'Haut', 'Jewel', 'Willamette', and 'Southland', was also highly significant (Table 2) .
GCA estimates for black raspberry parentals were high positive values, with that for 'Haut' (0.40) being slightly higher than for 'Jewel' (0.35). 'Willamette' (-0.40) and 'Southland' (-0.35) had similar negative GCA estimates. Negative GCA values signify resis- GCA estimates for black raspberry parentals were high positive values, with values for 'Haut' slightly higher than for 'Jewel', showing the general susceptibility of the black raspberry cultivars involved. This result again is consistent with reports of general susceptibility to Verticillium in black and purple raspberries (Converse, 1966; Wilhelm et al., 1965) .
The large significant GCA component and the continuous linear variation between the black raspberry susceptible reaction and the red raspberry tolerant reaction suggests a primarily additive model of variation for Verticillium tolerance. This model would concur with inheritance models in strawberry (Bringhurst et al., 1967) . However, considering noninoculated control scores of 1.7, the possibility of escapes, and skewing of populations of 50% or less black raspberry toward the resistant (disease score = 1-2), we hypothesize a genegene model for symptom expression, with partial dominance of resistance alleles. This hypothesis would concur with inheritance models in Eubatus (Wilhelm, 1955; Wilhelm and Thomas, 1950) , as well as strawberry (Bringhurst et al., 1967) .
Significant GCA effects show that genetic gains in verticillium wilt resistance may be attained in a recurrent breeding design. These genetic effects can be exploited since raspberries are vegetatively propagated.
